District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, prolonging the investment return period. The main scope of this paper is to assess the feasibility of using the heat demand -outdoor temperature function for heat demand forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were compared with results from a dynamic heat demand model, previously developed and validated by the authors. The results showed that when only weather change is considered, the margin of error could be acceptable for some applications (the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and improve the accuracy of heat demand estimations. 
Abstract
With the huge ambition to achieve a fossil fuel-free energy sector by 2050, the Danish government has targeted the building stock as a priority, offering large potential for feasible and cost-effective energy savings. Around 75% of the existing buildings in Denmark were constructed before 1979 and therefore a special focus has been directed in the recent years towards buildings' energy renovation especially non-residential and public buildings. A comprehensive strategy for energy renovation of the existing Danish building stock was established with multiple initiatives to enhance cost-effective and energy-efficient renovation of buildings. In this context, Aarhus Municipality is investing 450 million DKK for public buildings energy renovation covering an area of about 1 million m 2 and aiming to cut CO2 emissions by 40%. Thus, two daycare centers, Bøgevangen 101 and Runevej 107-109, have been selected as case studies under the international research project COORDICY aiming to improve the centers energy performance implementing renovation techniques. A detailed energy model was developed for each center employing a package of Google Sketchup, Open Studio and Energy Plus energy modelling and simulation tools. The energy model was calibrated against actual meter data. Using the developed model, multiple energy management and retrofit combinations were analyzed and evaluated from both technical and economic perspectives. Conventional envelope insulation and windows upgrade were found unfavorable from the economic perspective and thus were not prioritized. It was shown that employing a retrofit package consisting of installing LED lights, implementing demand-controlled ventilation, and installing efficient equipment could lead to an overall reduction of 30.2% and 31.1% on the energy consumption in Bøgevangen and Runevej respectively, improving the thermal comfort and indoor air quality with an acceptable payback period of around 3 years. 
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Introduction
The EU has prioritized the building sector highlighting the potential in attaining cost-effective energy savings and corresponding reduction on the greenhouse gas emissions. Denmark is not an exception, as 35-40% of the total energy consumption is in the buildings sector. It has been shown that emissions could be reduced by 30-40% by implementing cost-effective energy renovation techniques in existing buildings and developing strict energy codes for new buildings [1] . On the other hand, simple modifications in the energy use behavior in buildings could reduce energy consumption by about 15%. In the recent years, energy renovation of existing buildings in Denmark has been a hot topic with a huge potential to improve the overall energy sector security, reduce emissions and enhance thermal comfort and indoor air quality. Special focus was given to non-residential buildings with the government introducing its "Strategy for the energy renovation of the existing building stock", consisting of 21 initiatives to enhance energy renovation in the existing building stock in a cost-effective manner, with the aim to reduce energy consumption for space heating and domestic hot water by 35% by 2050 [2] . Improving energy performance of buildings is vital to reduce energy consumption and attain energy supply security. Although many countries have developed energy efficiency standards and building energy performance codes, these regulations mainly target new buildings with a huge potential still hidden within the existing building stock. The impacts of energy renovation of existing buildings is not only limited to improving the building energy performance and reducing energy consumption, but also enhancing the indoor air quality and thermal comfort; thus increasing the value and age of the building. In general, the optimal cost-effective energy renovation package is the one providing a balance between energy efficiency goals and carbon emission reduction objectives. Energy renovation of existing buildings should respect and preserve the building health, reuse and sustainability objectives, indoor air quality, thermal comfort and the architectural value.
Nordic countries have introduced serious measurements and initiatives to improve the overall energy performance of buildings with energy renovation being one of the main fields to highlight and promote. A large body of research has been provided in the recent years dealing with theoretical investigations and practical applications of Buildings Energy Renovation [3] , however the trend in energy renovation has been evaluating energy renovation measures impact based on simple one-to-one static calculations and estimations without considering the full interdependences and impact of different components and heat transfer modes within the building along with the energy supply and production systems. The current work aims to develop and implement a new methodology for deep energy renovation of Danish non-residential and public buildings using a holistic design approach and considering the dynamic building energy performance to evaluate the impact of various energy renovation measures and packages. This study targets the public schools sector in Denmark and is carried out under the COORDICY project [4] , which is a strategic interdisciplinary collaboration between 20 industrial and academic partners in Denmark and USA aiming to reduce energy performance gap in new energy-efficient public and commercial buildings and improve the energyperformance of existing buildings.
Case Study
The Municipality of Aarhus, Denmark, is investing around 450 million DKK to improve the overall energy performance of public buildings in the city and attain 25% savings on the energy consumption and 40% reduction in the CO2 emissions through implementing a large-scale energy renovation process. The project, called 'Aa Plus', runs until 2019 and the targeted building area is around 1.3 million square meters. All the public buildings will be reviewed individually, and every building will form a case study to assess and evaluate energy renovation measures to be implemented. The energy renovation will take into account the building user's experiences and needs, building's condition, indoor climate, costs and the overall maintenance plan. In this context, Aarhus Municipality is a major partner in the COORDICY project where 4 daycare centers in various sites of the city are considered as study cases for energy renovation assessment within the project. In this paper, the energy modeling, simulation and renovation assessment of 2 of the 4 daycare centers considered will be presented. The two daycare centers are Bøgevangen 101 and Runevej 107-109, shown in Fig. 1 , were selected due to similarity, having almost the same indoor floor and layout but are located in different parts of the city. The two daycare centers have a single floor with a very small basement, mainly for technical installations and storage. Table 1 provides general information regarding the envelope and the energy production and supply systems in the two daycare centers considered. Both buildings are supplied with district heating to fulfil space heating and domestic hot water demands in addition to a mechanical ventilation system with a cross-flow heat exchanger unit. 
Modeling and Simulation Methodology
In this work, EnergyPlus building performance simulation tool is used to model and simulate the dynamic energy performance of the two case study daycare centers considered. EnergyPlus predicts the dynamic energy performance of buildings employing a well-established and validated modelling and simulation engine and using the nodal approach to solve energy conservation equation within the building, taking into account building geometry and orientation, location, weather conditions, thermal envelope, building services, systems operation and occupants behavior and schedules. In addition to EnergyPlus, two supporting tools, Sketchup Pro and OpenStudio, are also used in the modeling and simulation methodology to assist energy performance prediction. Sketchup Pro is used to create 3D models of the buildings taking into account various geometry and orientation characteristics, where OpenStudio allows defining various building specifications including constructions, schedules, loads and systems. It has been used due to its user-friendly and flexible interface and definition platform. Thus, the modeling and simulation methodology includes:1) Collecting building information and data; 2) Drawing the building 3D model in Sketchup; 3) Defining the energy model in OpenStudio; 4) Simulating the building energy performance; 5) Calibrating the energy model; and 6) Implementing and assessing various retrofit measures and packages.
The modeling and simulation methodology highlighted above was implemented to develop the detailed dynamic energy performance model of the two daycare centers considered in this study. An updated weather file for local conditions was used to run the overall energy performance simulation of the daycare centers employing actual weather data from Aarhus, Denmark. In addition, multiple visits have been arranged to the daycare centers to gather information regarding the envelope, equipment, systems, lights, occupancy and schedules. Employing Sketchup, two 3D models for the daycare centers were developed taking into account building geometry, orientation and constructions. Information about the thermal envelope characteristics, construction materials, heating and ventilation systems, lighting, building services, equipment and different schedules were introduced as input to the energy model defined in OpenStudio. Fig. 2 presents the 3D Sketchup model for the Bøgevangen Daycare center where Fig. 2 (b) shows a screenshot of the OpenStudio model developed for the same center. 
Daycare Centers Energy Performance
After development of the 3D models in Sketchup and the detailed energy models in OpenStudio, the simulation engine of EnergyPlus was employed to carry out an overall dynamic energy performance simulation of both daycare centers and predict the overall energy consumption. Using actual heating and electricity monthly consumption data from 2015 year in addition to the actual weather data, the two energy models were calibrated based on the methodology provided by Hale et al. [5] , with the aid of the OpenStudio Parametric Analysis Tool measures. The calibrated models were found to predict well the overall heating and electricity consumption of Bøgevangen and Runevej with a maximum respective error of 2.48% and 6.09%. Table 2 shows the breakdown of the annual energy consumption of the two daycare centers predicated by the developed dynamic energy models. On a holistic level, Runevej consumes about 78.63 MWh to fulfill heating and electricity needs with 148 kWh/m 2 of the heated floor area, where Bøgevangen's heating and electricity consumption is about 87.5 MWh corresponding to 162 kWh/m 2 of the floor area. The recent Building Regulation in Denmark, BR2020 class has set the maximum primary energy consumption for public building as 25 kWh/m 2 of the indoor heated area. This highlights the large potential to improve the energy performance of both daycare centers and reduce their energy consumption. In addition, it could be noticed that both centers follow the same energy consumption pattern where the energy consumption share for heating is 77.5% in Runevej and 79.6% in Bøgevangen. 
Performance Improvement and Retrofit Measures
In this section, various retrofit measures and packages will be implemented and evaluated from the technical and economic perspective. Employing the OpenStudio Parametric Analysis Tool, parallel dynamic simulations of the overall energy performance of both daycare centers are carried out employing different retrofit measures and packages and comparisons of the centers' energy consumption against the current baseline model are reported. Table 3 and  Table 4 present the technical and economic impacts of some selected energy renovation and improvement measures along with the annual energy and cost savings for Runevej and Bøgevangen respectively. The electricity and heating utility costs used in the analysis were considered as the cost average for Aarhus region, 2.24 DKK/kWh for electricity and 844 DKK/MWh for district heating. As shown in the tables below, multiple energy renovation measures were considered and evaluated for both centers, along with additional renovation packages comprising combinations of measures. It was shown that installing triple glazed windows, adding 200 mm insulation to the exterior walls and 300 mm insulation to the roof could result in reduction on the heating demand by 25.4% and 23.8% in Runevej and Bøgevangen respectively. However, considering the long payback period of implementing these measures and the current good condition of the two daycare centers envelope, it was decided not to go forward with this option. On the other hand, it was shown that installing LED lights could reduce the electricity consumption by 17.1% and 22.8% with an attractive payback period of 1.6 and 1.1 years for Runevej and Bøgevangen respectively. Moreover, implementing demand-controlled ventilation in both centers was found to be very efficient with positive technical and economic impacts. This allows managing the mechanical ventilation system air supply to the rooms based on occupancy and indoor CO2 levels. The current conventional ventilation system operating in the building is not controlled and provides a constant air supply which in the majority of the time over-estimates air supply needs, and increases the need for heating as more cold air is supplied to the building for ventilation. Considering the current complaints about the indoor air quality in the centers and taking into account the uncontrolled operation of the current mechanical ventilation system, it was decided that the ventilation system is a major component to be targeted in the future renovation plan of both centers. Moreover, various renovation packages were considered and evaluated and 3 of these packages are included in both tables below. It is clearly shown that the three energy renovation packages
